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ABSTRACT

A new nethod, based on Effective Mean Field Theory, is proposed for

the evaluation of the optical/dielectric properties of
i nhonbgeneous materials, in which the real and imaginary parts of

the dielectric function are determ ned by solving a sinultaneous

non-linear equation. It is seen that the nethod yields precise and

unanbi guous results and can be applied to any type of inhonogeneous
material .
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1. | nt roducti on:

The optical/dielectric properties of materials can be nodified by
mxing two or nore materials in different proportions.’ The
constituent materials can be netals, sem conductors and insulators
which may be either in solid"? or 1liquid® form One of the
effective ways of produci ng inhomogeneous materials in the solid
state is by co-evaporation or sputtering of the constituent
material s which has been widely investigated.*¢ These materials
have usef ul appl i cati ons, as sol ar absorbers. 7 The
optical/dielectric properties of liquids can be altered by m xing
different proportions of netallic particles in the 1iguia.® Such
i quid-solid inhomogeneous systens have been studied by Cohen and
his workers.8?

| rrespective of the system under study, one of the inportant
aspects of these investigations is to theoretically evaluate the
optical and dielectric constants from the know edge of the
optical/dielectric constants of the constituent materials for which
two well known theories, nanmely, the Maxwell-Garnet theory' and the
Ef fective Mean Field Theory (EMI) due to Bruggeman!' are avail abl e.
The physical/mathematical basis of these two theories and the
topol ogi cal conditions under which these tw theories are
appl i cabl e have been discussed by various investigators.’ **

EMI due to Bruggeman, Which was originally developed
consi dering topologically Symmetric morphology''*'? shows better
agreenent with experinents in many of the solid-solid binary

i nhonbgeneous materials.™'™ |t is also equally good in predicting



the dielectric functions of binary [liquid-solid conposite

materials.®® \Wile a definite nethod exists for evaluation of the
average optical/dielectric constants of the inhonbgeneous materials
from the know edge of the optical/dielectric properties of

constituent materials, there are certain drawbacks such as limted
accuracy and applicability. The objective of the present paper is
to arrive at a unique and novel evaluation scheme which is not only
more accurate; but also nore anenable to the form of existing

probl ems.

2. Theory

The dielectric constant of a nulti-conmponent inhonmogeneous materia

according to EMI due to Bruggeman''? is given by:

n 3F, . (1)
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wher e <e> is the average dielectric ~constant of the

I nhomogeneous materi al

€; is the dielectric constant of the i*" conponent
mat eri al
F is the volune fraction of the it conponent materi al

and n
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Let €; be given by €, = ¢, + Jje;; where ¢, and ¢,, are the real
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and i magi nary parts of e;, respectively. Then Egn. (1) can be re-

witten as
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and expandi ng:
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It is proposed that the real and inmaginary parts of Eqn. (4)
be separated and the resulting sinmultaneous non-linear equation
which consists of the two unknowns, nanely <e,> and <e¢,>, and known

€., and €;,, is solved to arrive at <e> and <e,>.

iR
Eqn. (4) for a binary conposite system (n=2 ) turns out to be
3F [ 2+ (e * Jey)/<e> |+ 3(L1-F) | 2 7 (ey * I€u)/<€> )
= (2 " (€ " JEN/<E> ) (2 4+ €y t+ Je,)/<e> ) (=)
In Egn. (5), F is the volume fraction of the material whose
dielectric constant is €,. After a few al gebraic manipulations,
Egqn. (5) can be sinplified and witten as
<e> + A = B/<e> (6)
where A = 172 [€,(3F-2) + €,(1-3F) + j{€, (3F-2) + €, (1-3F)}]
and B = 1/2 [{€,€=€q€x} I{ENERTELERY]

In the earlier approaches, equation (6) which is quadratic in




<e> i S solved,®%:% and then the real and imaginary parts of <e>
are separated out. On the other hand, in the present approach, the
real and imaginary parts of equation (6) are separated out first.
Substituting a, + ja, for A B, -t- 3B, for B, and <e> + j<e;> for <e>
in Egn. (6) and nultiplying and dividing by the conplex conjugate

of <e>, it is possible to wite the follow ng two equati ons:

2 By<€;> - B<e;> = o (7

<e>d t <€ >PA + <e>e> + A<,

<€ > + <€ >, + <e>%<e> + A<e>? - Bi<e> + Be> = O (8)
Egns. (7) and (8) are non-linear algebraic equations in <e;> and
<e;> and the solutions can be determned by a nunerical iterative
technique.™ It is proposed to adapt the Newt on-Raphson iterative
met hod %7 and the corresponding iteration formulae are given as

foll ows:

<€ (i + 1)> = <€, (i)> + £, é_e': - £ 3¢ (9)
__f1 Q_f_z - afz _a_f
€, O€, Jde, d€

af, af, (10)

<e, (1 + 1)> = <¢,(i)> + £, Jde,. f, 0€, 0
I I éii a—%—z - a—%lz of,
de, Je, de, J¢,

where <e (i)>, <€, (i)> and <e (i + 1)>, <e (i + 1)> are the
respective real and imaginary parts of the dielectric constant <e>
for the it and (i + 1)t iterations; and f, and f,are respectively
gi ven by

f, = <g>® + <e>?h, + <e>%<e> + A<e > - Be<er> - B<e>

I R I 1

3 2 2 2
and f2 <€> + <e¢ I> Al + <€ ><E > + AX<ER> Bl<€R> + BR<€1>

A closed loop iteration defined by egns. (9) and (10) for 10 to 15
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cycles results in f,and f,converging to 2ero agnd sol ution®‘ or

<e.> and <e,;> are arrived at unanbi guously.

As can be seen, <e€;> and <€,> are evaluated in an unanbi guous

way. In the earlier approaches,®%% a quadratic solution” of

equation (6) is arrived at resulting in an anbiguity of dual.
sol utions, which is, however, avoided by the stipulated condition
that <e;> be always real (i.e. <g> = Img(<e>)2 O. In so doing,
the argunment under the square root is treated as "completely
real" .59
3. Results and Discussion:
The procedure is applied to evaluate <e> and <e¢,> for a dielectric--
netal binary conposite systemin which the dielectric constants of
the individual conponents are given by €171.0 + 0.0 gnd €2°1.0
- (.)pz/(.)(m + jy) where o, is the plasma frequency and y is the
inverse relaxation tine.’ y/e, is set equal to 0.4 The
cal culations using our method are carried out for different volune
fractions and the results are shown in Figs. la - 1lcandcompared
with those due to webman, et. al.® Fromthe figure it is evident
that the two sets of results agree with each other at |ower vol ume
fractions (F = 0.046), whereas at higher volume fractions (F = 0.15
and 0.25) they differ. The difference is nmaxinmumin regions close
to the resonance frequency and is as high as 15% and 8% for <eg>
and <e;> respectively (with F = 0.25).

To further exam ne the accuracy of the evaluation techniques,
both methods are applied to evaluate the dielectric function of an

inhomogeneous System consisting of netallic and non-netallic
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material s whose dielectric properties are given by’

€, =1 - £;/[(0® - o) + ioy) and ¢, = 1 - mpz/m(m + i/1).

The metallic regions are characterized by the plasma frequency and.
relaxation tine 7 with e, 7 = 4.0. VWi le the non-netallic regions
are specified by the oscillator strength ngz = 0.6, the resonance
frequency o,/e, = 0.6 and the resonance wi dth by T/wp=0.25.8A6
is evident fromthe results of the calculations presented in Figs.
2a-2c, there are differences between the two sets of results. The
magni tude of the difference is as high as 45%in <e;> and 6% in <e>
for the case of F = 0.8, and 15%in ¢ and 35%in ¢ for F = 0.5.
For F = 0.2, they are respectively equal to 35% and 23%

The results between the present and earlier evaluation
techniques differ significantly at higher volume fractions . The
difference is greater for a conposite system in which both
conponents have imaginary contributions to the dielectric constant,
as exhibited in Fig. 2. In the present technique, the
contributions to the average dielectric properties, fromthe
components of the conmposite material, are appropriately accounted
for, by introducing the relevant terms in the constituent equation.
On the other hand, in the earlier approach &’ there my be a
possibility that contributions fromthe imaginary part of the
dielectric constants are not properly accounted for thereby
contributing to the errors in the final calculations. I'n view of
these observations, the present nethod has scope for the precise
eval uati on of inhonbgeneous naterials. In addition, the present

technique is easily extended to systenms consisting of nore than two



conponents by nodifying the constituent equations. It has been
applied to study the optical properties of inhonogeneous thin filns
of Ge:ag and Si:Au in the infrared region, the results of which
will be presented elsewhere.™
4. Concl usi ons:
A new nmethod for evaluation of the dielectric properties of
i nhonogeneous materials has been successfully devel oped. The
met hod has scope for precise and unanbi guous eval uation and can be
applied ‘/ extended to any type of inhonpbgeneous naterial which can
be mainly attributed to the unique schene of eval uation adapt ed.
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of a dielectric-netal

Fiqure Captions:

and imaginary parts of the dielectric function

bi nary conposite nmaterial.

B Present nmethod. ® From Ref. 9.

Real

conposite system”

and imaginary parts of a tw conponent

The dielectric function of both

conponents are imaginary. = Present nethod.
® From Ref. 8.
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